A number of chlorinated aromatic and aliphatic compounds were dehalogenated when incubated with sewage. Preincubating the sewage with nonchlorinated organic substrates enhanced the subsequent dehalogenation of the chlorinated chemicals. Dehalogenation of 4-chloro-3,5-dinitrobenzoic acid (CDBA) in lake water occurred as a result of microbial growth both in the light in the absence of added nutrients and in the dark in the presence of acetate. No organism able to use CDBA as a carbon source was isolated. Axenic bacterial cultures and a nonaxenic Chlamydomonas culture released chloride from CDBA. The metabolism of CDBA by the latter culture, a process that was inhibited by 3-(3,4-dichlorophenyl)-1,1-dimethylurea, yielded a product that was identified as ahydroxymuconic semialdehyde. This product of an apparent cometabolic transformation was mineralized by a strain of Streptomyces, thus suggesting that certain cometabolic products may not accumulate because they are carbon sources for other species.
Undesirable chlorinated compounds may occur in natural waters and soils because they are introduced deliberately as pesticide residues or industrial wastes, or they may arise by the chlorination of water to destroy pathogens. Some of these compounds are environmental pollutants because of their toxicity and persistence. Hence, procedures that enhance the ability of the natural microflora to dechlorinate compounds whose persistence is related to the halogen substituent may be useful in reducing pollution.
The dechlorination of several benzoates can be carried out by organisms proliferating by using the compounds as carbon sources (6) . In addition, chlorinated benzoates that do not support growth may also be dehalogenated, and the dehalogenation of these chemicals may be enhanced by supplying microorganisms with carbon sources on which they may grow (4, 7). The microbial transformation of an organic compound that does not provide the active organisms with a source of nutrients or energy is known as cometabolism, and cometabolism commonly leads to the accumulation of organic products structurally similar to the initial substrate (1). However, some of the products of microbial metabolism in culture (10) do not appear to accumulate in soil or natural waters (9; K. W. Sharpee, Ph.D. thesis, Cornell University, Ithaca, N.Y., 1973), possibly because other microorganisms are able to mineralize these products.
The present investigation was designed to find means to enhance the dehalogenation of a test compound that is acted on by cometabolism and to determine whether a product of cometabolism can be mineralized, thereby potentially leading to a process to destroy rapidly and totally a persistent molecule. For this purpose, 4-chloro-3,5-dinitrobenzoic acid (CDBA), an uncommon compound that would not be expected to be mineralized readily, was selected.
MATERIALS AND METHODS
To test the effect of several carbon sources on the dehalogenation of chlorinated compounds, primary effluent of raw municipal sewage was amended with 0.1% of the carbon source and incubated for 2 days. A second increment of the carbon source was added to a concentration of 0.125%, and the sewage was incubated for 7 In subsequent studies, 125-ml samples of sewage containing 2.0 mM CDBA were incubated in 500-ml Erlenmeyer flasks on rotary shakers operating at 40 rpm. In tests involving lake water, the temperature was 23°C for flasks incubated in the light and 30°C for those incubated in the dark. The conditions of illumination have been described (12) . When algae and bacteria were grown in water from Beebe Lake (Ithaca, N.Y.), the solution was enriched with 0.1 g of KNO3, 0.1 g of K2HPO4, 0.1 g of KH2PO4, 18 mg of MgSO4. 2H20, 5.0 mg of CaSO4-2H20, and 1.0 mg of FeSO4. 7H20 per liter. The flasks that were incubated in the light received 0.1 g of NaHCO3 per liter, and the flasks that were incubated in the dark received 5.0 g of sodium acetate per liter. The defined media to grow the isolates contained 1.0 g of KNO3, 1.1 g of K2HPO4, 1.1 g of KH2PO4, 180 mg of MgSO4-2H20, 20 mg of FeSO4 7H20, 0.1 g of CaSO4.2H20, and either 1.0 g of NaHCO3 for the algae or 1.0 g of sodium acetate per liter for the bacteria.
Liquid from lake water samples with high dechlorinating activity was streaked on plates containing the defined medium supplemented with 1.5% agar. Colonies were selected after 4 days for algae and 2 days for bacteria, and the isolates so obtained were examined for purity and for the ability to dechlorinate CDBA.
Algal exudates were prepared by growing the algae for 21 days in the medium and manner described above. The cells were removed by filtration through 0.22-,im Millipore filters (Millipore Corp., Bedford,
Mass.).
To purify the product of CDBA degradation in a culture of Chiamydomonas sp., 1.0 ml of the culture fluid was dried under purified N2 at room temperature, the dried material was dissolved in 100 pd of acetone, and the liquid was spotted on a silica gel thin-layer chromatographic sheet (E. Merck AG, Darmstadt, Germany). The residue of the acetone-insoluble dried material was dissolved in 100,ul of distilled water and spotted at the same point on the thin-layer chromatographic sheet. The solvent system consisted of CHC13-CH3COCH3-HCOOH, 50:50:2 by volume. A yellow product with a R, value of 0.88 was found. Authentic CDBA had an Rf value of 0.54 under these conditions. The ultraviolet absorbance of the product was determined with a Beckman spectrophotometer, model DU-2 (Beckman Instruments, Inc., Fullerton, Calif.).
The compound, which was suspected to be a-hydroxymuconic semialdehyde, was converted to picolinic acid by the method of Dagley (3) . Portions of authentic picolinic acid were prepared for combined gas chromatography-mass spectrometry by derivatization with CH2N2. The derivatized product was dissolved in acetone and injected onto a 3% Silar 100 stainless steel column (61 by 0.32 cm; Applied Science Laboratories, State College, Pa.) The column temperature at injection was 125°C, and the chromatograph was programmed to heat at a rate of 10°C/min. N2 was the carrier gas at a flow rate of 32 ml/min. The Varian aerograph gas chromatograph, model 1700 (Varian Associates, Palo Alto, Calif.), was fitted with a flame-ionization detector operating at 280°C. The mass spectral phase of the analysis was performed with a Finnigan 3300 quadrapole mass spectrometer (Finnigan Corp., Sunnyvale, Calif.) set at 70 eV for electron impact and chemical ionization.
Chloride was determined with the Orion chloride electrode (Orion Corp., Cambridge, Mass.), and nitrite was estimated by the methods of the U.S. Environmental Protection Agency (11) . Protein determinations were made with a protein assay kit (Bio-Rad Laboratories, Richmond, Calif.), the procedure relying on the change in absorbancy of Coomassie brilliant blue C-250 resulting from the binding of protein. The absorbance at 595 nm was measured with a Beckman spectrophotometer, model 88 (Beckman). Functional group analyses for secondary alcohols, carboxylic acids, and vinylic aldehydes were made on underivatized samples by the methods given by Feigl (5) In studies of the metabolism of the product generated from CDBA, a Streptomyces strain was isolated from a mineral salts agar containing 50 jig of a-hydroxymuconic semialdehyde per ml and previously inoculated with a dilution of Lima loam. The actinomycete was incubated on a shaker at 30°C in test tubes containing an inorganic salts solution supplemented with 60 yg of a-hydroxymuconic semialdehyde per ml. Plate counts of the culture were made on nutrient agar at regular intervals, and the amount of particulate organic carbon appearing in the culture was measured by passing the culture through a 22-nm Millipore filter and measuring the organic matter thus retained with a total organic carbon analyzer (Beckman), model 915A.
RESULTS
Sewage acclimated to various nonchlorinated compounds was incubated with chlorinated compounds. The percent organic chlorine released as inorganic chloride at the end of 2 days is given in utilizable carbon source in the dark or by ilumination with no added organic carbon ( Table  2 ). The light-enhanced dehalogenation was not the result of an abiotic photochemical reaction because no chloride was released in the light when CDBA was incubated with lake water that had been autoclaved for 15 min. Also, no inorganic nitrite was released when CDBA was incubated with autoclaved lake water. Enrichment cultures were established by using a CDBA-salts medium (with 2.0 mM CDBA) and inoculating it with liquid from the preceding experiment in which dechlorination was appreciable. However, neither chloride nor turbidity was observed, indicating the absence of an organism able to make significant growth by using CDBA as a carbon source.
Measurements were made of the ability of 10 axenic bacterial isolates and 10 monoalgal, but not axenic algal, cultures from lake water to release chloride when incubated in sterile lake water enriched with inorganic salts and 2.0 mM CDBA. The algae were incubated in the light at 24°C for 13 days, and the six gram-negative and four gram-positive bacteria were incubated for 20 days in the dark at 29°C.
Duplicate flasks of all cultures were incubated on a rotary shaker operating at 50 rpm. In the test period, the bacteria released 12.9 to 20.1% of the chlorine in CDBA with an average of 17.0%, and the algae released 18.0 to 35.2% with an average of 28.4%, the activity varying with the isolate. It is interesting that the greatest extent of dechlorination of CDBA was less in culture than in the lake water community. The two most active algal isolates, both identified as Chlamydomonas strains and designated Al and A2, and the most active bacterial isolates (Bi and B2) were selected for further study.
A study was designed to determine whether DCMU, an inhibitor of photosynthesis, would (Table 3) . It also inhibited dechlorination in cultures provided with acetate in the dark or in cultures provided with enough time for algal exudates to be excreted before adding DCMU and CDBA. To determine whether the algal exudates provided sufficient carbon to promote the bacterial dechlorination of CDBA, 3-week-old cultures of Chlamydomonas strains Al and A2 were passed through a bacterial filter, and each filtrate was inoculated with gram-negative bacteria Bi or B2. Only 4.9 to 5.4% of the chlorine of CDBA was cleaved after 10 days, regardless of the alga or bacterium. Because the algal exudates promoted only a small degree of dechlorination, it appears that the presence of the growing alga enhanced the reaction.
During their growth, the algae raised the pH of the medium from 6.9 to 7.0 to pH 7.7 to 7.8. Hence, an experiment was performed in which the phosphate buffer concentration was raised from 13 to 25 mM. " is treatment maintained the solution near ne al pH but had no effect on the extent of dechlorination.
Gram-positive bacterium BB and gram-negative bacterium BL (both isolated from the nonaxenic Chlamydomonas Al culture) were incubated in the dark for 14 days with 2 mM CDBA and 0.5% sodium acetate, and nonaxenic Chlamydomonas Al was incubated with CDBA in the light for 21 days. At the end of the incubation period, 5.5, 3.4, and 39% of the CDBA chloride was released by bacterium BB, bacterium BL, and Chlamydomonas Al, respectively. Thus, the culture of the alga and its bacterial commensals was more active than the bacteria. Further evidence for the greater activity associated with the algae came from a study of nm at days 0 and 13, it appeared that 85% of the unknown had disappeared by day 13. The cellular material was removed by passage through a 0.22-,um filter, and the carbon so removed and that in the filtrate were determined. The data indicate that much of the carbon disappeared from the liquid, cell material was formed, and the actinomycete proliferated (Table 4) . Thus, this product of the cometabolism of CDBA is mineralizable.
DISCUSSION
The dechlorination of CDBA by microbial communities in lake water was promoted in the light, presumably as a result of algal and, subsequently, bacterial activity, or by adding a carbon source to promote bacterial activity. Algal exudates allowed for only a small extent of dehalogenation of the test compound, but in the presence of uninhibited algae, a great degree of chloride release was achieved. The algae may promote dechlorination by providing fixed carbon or growth factors to the bacte-ria or by carrying out the transformation themselves. Algal-promoted degradation of synthetic chemicals has been demonstrated, and dichlorodiphenyltrichloroethane and aldrin can be modified by algae (2, 13) .
The product of CDBA degradation, a-hydroxymuconic semialdehyde, is an intermediate in the meta cleavage pathway of benzoate degradation (3). Its formation suggests that CDBA was dechlorinated and denitrated. It has recently been observed that a-hydroxymuconic semialdehyde accumulates during the metabolism of 2-methyl-4-chlorophenoxyacetic acid by a pseudomonad (8) .
It is evident from these data that dehalogenation by microorganisms in sewage or freshwater may be enhanced by the addition of non-halogenated substrates that are readily metabolized by microorganisms. Moreover, the apparent cometabolic dechlorination of the model compound, CDBA, can be enhanced without the addition of an organic carbon source inasmuch as the promotion of the reaction was achieved 
